TJ Perspective: MICROPARTICLE SYSTEMS

Mechanistic aspects of microparticle systems

MARTIN A. HUBBE

Editor's Note: The following is an excerpt from the TAPPI Press book Micro and Nano Particles in Papermaking,
edited by J.M. Rodriguez. Written by leading experts in the industry and academia, the book’s nine sections
cover topics including drainage and retention, colloidal silica, and clay minerals.

This text has been excerpted from Chapter 1, Microparticle Programs for Drainage and Retention.
Only figures, tables and references cited in the portion of the text printed here have been included in this
excerpt; the original numbering of figures and text citations for the complete chapter has been preserved to
avoid error. The complete, 207-page book is available through TAPPI Press (Product Code 0101R312) at

www.tappi.org.

Uses of specific microparticle programs and applications will be
considered [in the following chapters of the TAPPI Press book],
but there seem to be some common features with respect to
“how these programs work.”This section will consider mechanis-
tic aspects of microparticle programs in general, weighing evi-
dence for and against various concepts. In principle, an under-
standing of the mechanisms may make it easier to optimize and
control additive flows in a microparticle system.Also there may
be clues in the mechanisms that can lead to future developments.
Electrostatic effects

Even before the emergence of microparticle programs there has
been a lively debate over how significant a role is played by sur-
face charges and zeta potentials with respect to retention and
drainage phenomena [166-167]. On the one hand, it has been rel-
atively easy to show a dominant effect of surface charges when
one is using a high-charge cationic additive such as a polyamine,
polyethylenimine (PED, or alum [33,152,168-169]. Maximum
drainage, and even maximum retention are often associated with
an addition rate that achieves an average zeta potential near to
zero. This is not necessarily so when one is dealing mainly with
high-mass flocculants [168].Apparently, charge neutralization can
be much less important in some cases where very long polymer
chains are able to bridge between adjacent surfaces.

So how do microparticle programs fit into this debate, if at all?
Microparticle systems seem to be profoundly affected by charge
[2,58,61,98,170]. For example, a charge-dependent mechanism
helps to explain why the effectiveness of microparticles for
drainage promotion seems to increase with increasing surface
area (or decreasing size of the primary particles) [2,20]. In cases
where the issue has been studied, optimum performance of
microparticle programs has approximately coincided with a neu-
tralization of colloidal charges [2,171]. Also, in agreement with
classical theories of charge-dependent coagulation, it has been
found that increasing salt addition tends to broaden the range of
additive ratios over which a maximum interaction can be
obtained between a cationic polymer and a microparticle [19].
Often it has been found that excess dissolved polymeric or col-
loidal anionic materials need to be neutralized with alum or high-
charge cationic polymers before a microparticle program can be
effective [2,11,23,127,161], or the charge density of the cationic
flocculant [79,85] or its dosage [95] has to be increased.

To make matters a bit more complicated, fiber flocculation
studies suggest that charge may dominate interactions involving
small colloidal silica particles, but that interactions involving the
larger bentonite particles may be less charge-dependent [172].
In one study charge issues tended to dominate interactions

between a highly charged cationic polymer and colloidal sil-
ica, but different results were obtained when the pH was
raised to reduce the effective charge density of the polymer
[108]. Similar results were achieved in a related study in
which the charge density of the cationic flocculant was var-
ied by chemical composition [173].
A “drawbridge” concept

The concept of polymeric bridging is already well estab-
lished as a mechanism of flocculation by polymers [174], but
evidence suggests that microparticles form bridges of a dif-
ferent nature. Differences show up in various studies focus-
ing on such aspects as shear resistance, particle size, particle
structure, and reversibility of flocculation after redispersal
by strong hydrodynamic shear forces. To help distinguish
these differences, the word “drawbridge” will be used in this
chapter to designate systems in which microparticles help
in the process of flocculating systems that already have been
treated by a high-mass polymer, and the word “bridging” will
be used for systems in which there is no additive that plays
the role of microparticle.

According to Ford [127], if a retention aid is added ahead
of a pressure screen, then one can expect hydrodynamic
shear to detach some fines from fibers, but others will stay
attached to fibers. This situation follows from the observa-
tion that higher shear stress is required for detachment of
fine particles, compared to that required to detach fibers or
larger particles [175-177].The word “supercoagulation” was
coined to describe how the detached fines could be refloc-
culated upon addition of a microparticle such as bentonite
[127]. The combined effects of the surviving polymer
bridges and the drawbridges formed with the help of the
microparticles can, in one sense, reverse some of the dis-
ruption caused by shear.

These two types of bridges are contrasted in Figs. 2 and
3. As shown in Fig. 2, breakage of an ordinary bridge is
expected to be at least partly irreversible. In other words,
breakage of the initial bridges is expected to harm the abili-
ty of the polyelectrolytes to function again as flocculating
agents.

A more critical mechanistic question involves how the
resulting flocs respond to shear after all components of a
microparticle system have been added. A microparticle sys-
tem ought to be considered somewhat reversible if, after
being disrupted by hydrodynamic shear, the fibers come
together again to a greater extent than they would have in
the absence of treatment [178-179]. Such an outcome would

VOL 4: NO. 11 TAPPI JOURNAL 23


http://www.tappi.org/index.asp?rc=1&pid=31820&ch=8&ip=
www.tappi.org

MICROPARTICLE SYSTEMS

Effect of
shear

454

Poljr mer]
bridge

2. Schematic illustration of how the
molecular mass of flocculating poly-
mer may decrease when bridges are
broken in the presence of hydrody-
namic shear.

A B E;fect of
Micro- shear
g,Q particle t 1
T

Fine

(<]
a ® e
() —
Micro-

l particles

Less swollen
polymer coils
and bridges

Fiber surface

5. Schematic illustration of proposed
deswelling mechanism when small
microparticles interact with existing
polymer bridges or adsorbed polymer.

be consistent with the idealized mecha-
nism illustrated in Fig. 3. At least one
study failed to find greater reversibility
when microparticle programs were com-
pared to cationic flocculant treatment
alone [163]. The idea that flocs formed
by microparticle programs have relative-
ly high “reversibility” has been verified
[60,171,178], though after sufficiently
high shear even microparticle programs
may fail to show high levels of reversibil-
ity [171].

It has been suggested that reversibili-
ty of microparticle-induced drawbridges
can promote formation of a porous sheet
and good fines retention due to sticking
collisions when the fibers ultimately
come together on the forming fabric or
fabrics [16].1It is worth noting that this is
essentially the same mechanism that has
been used to explain why unstable col-
loidal suspensions form sediments of low
packing density [180].

Some, but not all investigators have
presented evidence that drawbridges
formed by microparticle programs are
more shear-resistant than those initially
formed by a cationic acrylamide copoly-
mer earlier in the same operation. For
instance Alfano and coworkers [159]
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3. Schematic illustration of how
unbreakable microparticles can func-
tion in a reversible “drawbridge”
mechanism of flocculation.

reported that treatment with cPAM alone
yielded fiber flocs that decayed rapidly
with shear. Subsequent addition of col-
loidal silica yielded “shear-resistant” flocs,
having a slower relative rate of decay of
flocculation during continuous agitation.
By contrast, some others have reported
that the microparticle-induced flocs
break down more easily in the presence
of shear [22], or noted similar shear-resist-
ance [171-172]. Differences in experi-
mental methods may account for some of
the apparent disagreement of the results.
Effect of shear on the bridging
flocculants: If one follows a typical
microparticle application through the
process, the polymeric bridges formed by
a cationic starch or cPAM flocculant are
partly broken as the stock passes though
a pressure screen [6,42,45]. As was illus-
trated schematically in Fig. 2, such treat-
ment can be expected to reduce the floc-
culant’s molecular mass before the
microparticles are added [181-182]. It
may be assumed that the rupture of poly-
meric bridges can leave a preponderance
of “tails” of polymers extending from the
adjacent surfaces. Work already described
involving highly branched cationic poly-
mers suggests that such a situation may
be advantageous for microparticle appli-
cations [37]; however, more study is need-
ed to clarify this part of the mechanism.
Size effects: A drawbridge mechanism
also is consistent with an observed
increase in flocculation effectiveness or
increased first-pass retention effects with
increasing particle size of microparticles
[2,183].Below a critical size of about 3 to
5 nm, silica microparticles yielded less
flocculation in the presence of cationic
starch [2]. Montmorillonite, due to its
high width to thickness ratio, would be
expected to have a high bridging tenden-
cy. Consistent with this expectation,
Mueller et al. [184] found that the poly-
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4. lllustration of how partial coverage
of fibers with high-charge cationic
polymer may cause cationic flocculant
molecules to adopt a more extended
adsorbed conformation.

meric flocculants had a dominant effect
on the extent of flocculation in most of
the microparticle systems they tested
with colloidal silica, whereas the
microparticle had a dominant effect on
flocculation whenever a cationic acry-
lamide copolymer was followed by ben-
tonite. Both optical and rheological stud-
ies also revealed strong fiber flocs result-
ing from bentonite addition to stock pre-
treated with cationic flocculant [185].
Molecular-mass dependency:
Ordinarily one expects that polymer
bridging effects should be strongly
dependent on polyelectrolyte molecular
mass [186].Recent work by Burgess et al.
confirmed this expectation, but only in
the absence of microparticles [187].
In systems to which microparticles were
added there was a greater relative effect
of charge densities. One reason to expect
higher-mass cationic polyelectrolytes to
be more effective is that it takes longer
for them to adopt a flat adsorbed confor-
mation; within the short time periods
associated with the paper forming
process it is expected that loops and tails
of very long cationic flocculant mole-
cules remain extended out from the sur-
faces of solids in a papermaking furnish
[36]. Evidence in favor of this mecha-
nism includes a reported benefit of fur-
nish pretreatment with high-charge
cationic  additives [11,36,129,188].
Though part of the benefit of high-
charge cationics might be attributable to
neutralization of excess polymeric and
colloidal anionic materials
[2,11,127,161], the idea here is that par-
tial coverage of surfaces makes it more
difficult for a high-mass cationic floccu-
lant to lie down even if there are still suf-
ficient anionic sites remaining for adsorp-
tion to take place. Such a “site-blocking”
mechanism is illustrated in Fig. 4.
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OPTIMIZATION OF A TYPICAL MICROPARTICLE PROGRAM

Step in Additive Program Reason for Step

1. Pretreat furnish with a high-charge
cationic additive.
sites.

2. Add high-mass cationic flocculant.

3. Apply hydrodynamic shear.

dewatering.

4. Add microparticle.

on fines retention.

Avoid neutralization of a cationic
flocculant and/or partly block surface

Promote retention and provide sites
for microparticle attachment.

Break fiber-to-fiber flocs for uniform
formation and good vacuum

Promote water release and
compensate for bad effect of shear

Control Strategies

Monitor dissolved and colloidal
anionic substances by charge
titration.

« Dosage (tray solids test)
e Molecular mass
e Charge density

Select flocculant addition point,
usually before screens or before fan

pump.
« Dosage
e Particle type

Il. List of some basic steps of a typical (but not universal) microparticle program. As shown, each of the steps can

involve some sort of optimization.

Relative affinities: The order of addition of microparticles and
other additives ought to make a profound difference, according
to fundamental work carried out by Asselman and coworkers
[158,189-190]. Coagulation rate studies showed that montmoril-
lonite formed very strong bonds with chains of cationic poly-
mers extending from fiber surfaces. However, the opposite
approach did not appear to work well. Addition of the cationic
acrylamide copolymers first to the montmorillonite did not
allow it later to adhere well to cellulose. Results were interpret-
ed in terms of a high affinity of the polymer for the highly anion-
ic mineral surfaces, causing the polymer chains to lie down flat.
The conventional approach of adding cationic polymer to first
to fiber is believed to give a greater likelihood that tails of poly-
mer remain extended from the surface. Related work, using sim-
plified collision-rate calculations [36], supports an assumption
that cationic flocculant molecules adsorb very rapidly onto fiber
surfaces, but that such polymers then are likely to redistribute
partly onto energetically preferred adsorption sites on filler or
bentonite particles [191].

Three-dimensional “structure” required?: A question that
needs fundamental study is why there seems to be a special
advantage in the use of either flocculants or microparticles hav-
ing a branched structure. It is worth noting that the original silica-
based technology involved cationic potato starch, a product that
has a high content of branched amylopectin molecules, and that
these interacted with non-structured colloidal silica sol particles
[3,83]. By contrast, some more recent recipes use linear cationic
acrylamide copolymers, but these are paired with “structured” col-
loidal silica products (gels) in which the primary particles are
joined together in chains or clusters [2-3,117]. It has been sug-
gested that three-dimensional microparticles should be an advan-
tage, since they cannot lie flat against a fiber surface, and hence
they remain more effective for bridging between the microscopi-
cally rough surfaces of fibers [38].

The demonstrated high effectiveness of anionic “filamentary
micronetwork” or “molecular sieve” polymers in the role of
microparticles [50] proves that the microparticle need not be
solid. It is worth noting that solid latex particles of related com-
position yielded similar effects [90]. It has been suggested that, to
be effective after application of shear, the microparticle must have
a solid-like three-dimensional nature and an ability to avoid being
torn apart when adjacent polymer bridges are broken [16,56,71].

De-swelling of adsorbed polyelectrolyte coils: Previous work
suggests that swollen polymers, including hemicellulose, can
offer significant resistance to the dewatering process, and it is
unclear whether conventional, high-charge cationic drainage
aids can reduce the swelling of these hydrogels [34,169].
Swollen coils of cationic starch or other retention aid polymers
are thought have the same effect.As illustrated in Fig. 5, the very
small size of microparticles, especially in the case of colloidal sil-
ica, suggests that these materials are able to penetrate into the
coiled structure of adsorbed cationic starch or acrylamide
copolymers [2].Then, one might assume, the complexes formed
between the polymer coils and the microparticle would cause
the material to contract and expel water [11].Though this expla-
nation is consistent with increased dewatering and higher wet-
press solids [21,25-26,28,39,75,92], it is more difficult to obtain
direct evidence. One piece of supporting evidence for this
mechanism is an increased density of polymer-induced flocs in
fiber-free particulate systems after addition of microparticles
[19,187].There is a need, however, for more direct measurement
and quantification of this effect.

OPTIMIZATION AND CONTROL

Today’s papermakers who are implementing microparticle pro-
grams have a great advantage over the pioneers who made the
first attempts in the early 1980’s. First, they have the knowledge
that many others have been successful [10-13,23]. Second, the
pioneers have cleared useful paths and left some helpful hints.
While other chapters in this book will go into more detail about
specific microparticle program applications, emphasis here will
be on some strategies that appear to work in general over a
range of microparticle types.

Step 1: Referring to Step 1 of Table 2, the usual recommend-
ed strategy is to add just enough of the highly cationic material
to neutralize most of the anionic colloidal material, while still
leaving sufficient anionic sites on the fiber surface so that a
cationic flocculant can adsorb efficiently. Spence [192]
described a way to determine this optimum dosage level by
using a special streaming current titration procedure. For rou-
tine testing and for online monitoring it is more usual to direct-
ly titrate the white water or filtrate from the headbox to a
streaming current reading of zero [193-194]. More stable opera-
tions are expected if the cationic demand prior to flocculant
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addition is kept at a selected target value [88]. Fiber-pad stream-
ing potential tests seem to be the next most promising type of
online sensing method for charge [22,57,195], but most paper-
makers are still relatively unfamiliar with such methods.

Step 2: When one wants to control the overall retention
response of a microparticle system, it is most common to adjust
the dosage of the high-mass flocculant [15,67]. In practice this
is best achieved with online monitoring and control of tray-
water solids [24,88,93].A possible alternative approach involves
online floc size monitoring, especially if there is a good correla-
tion between a floc index and retention [159]. Typical dosage
levels of cationic acrylamide copolymers are expected to be in
the range of about 0.05 to 0.1% on a solids basis [23].

Step 3: About the only way that papermakers can practically
adjust the level of hydrodynamic shear after flocculant addition
is to select the addition point. On a typical paper machine there
are relatively few options to choose between. The most com-
mon choice is just ahead of a pressure screen or screens [6].
Post-screen addition strategies risk an excessive level of fiber
flocs in the product, though some of these flocs can be broken
as stock passes though a hydraulic headbox [46]. Addition of
flocculant at an earlier stage of the process can make sense on
relatively slow paper machines [21].

Step 4: Though microparticle dosage clearly is important, it
is a common practice to leave the flow of microparticle at a
constant level during a production cycle [15]. This approach
tends to simplify the control strategy. On the other hand, once
excess colloidal charge has been controlled, there is usually an
optimum ratio of the flocculant and microparticle [20,172].
More sophisticated control strategies are likely to become com-
monly used in the future.

Charge balance and addition rates: Charge considerations
have been found to be critical for establishing the most effective
relative amounts of cationic and anionic components of a
microparticle system [2,6,14,22,79,172]. In many cases it has
been found necessary to optimize neutralization of excess
anionic dissolved and colloidal substances, using such additives
as alum or polyaluminum chloride (PAC) [23,25,99], polyamines
[10], or high-charge cationic starch [79,154]. In fact, it has been
suggested that best results can be achieved if the net amount of
cationic polymers is something of an overdose, reversing the
original zeta potential [22]. Due to these requirements, one
should expect a higher overall requirement of cationic poly-
mers compared to a typical retention and drainage program that
does not use microparticles [190].These considerations tend to
make microparticle systems somewhat more expensive and
dependent on process sensors and adjustments to keep them
working well. In return for these efforts, microparticle systems
also appear to be somewhat more tolerant of increased salt lev-
els, compared to conventional retention aid systems [14].

Selection of microparticle type and shape: By selecting a
microparticle with larger size or more chaining or agglomera-
tion of primary particles it is possible to shift the benefits more
toward retention efficiency and away from an exclusive con-
centration on drainage and formation [2].Faster paper machines
and twin-wire machines may call for the use of higher-mass,
higher-branched flocculant polymers and/or structured
microparticles [35].
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TRENDS AND NEEDS FOR THE FUTURE
Twenty years ago few papermakers could foresee the upcoming
growth and impact of microparticle technology. In retrospect,
the developments have come in response to needs for increased
production rate and quality. So, one of the first places to look, in
asking about the future of microparticles, is at the present needs
of papermakers. According to Main [11], advances in paper
machine design are tending to decrease the importance of
drainage promotion. Rather, the high hydrodynamic shear of
modern hydraulic headboxes and twin-wire formers place more
critical requirements on achieving acceptable first-pass reten-
tion while still maintaining good formation [128].

Strength: Another future emphasis is likely to be on paper
strength. Users of low-quality, low-freeness waste paper can use
microparticle treatment strategies both as a way of achieving
acceptable drainage and as a way of increasing the practical
amount of wet-end cationic starch [75]. It is ironic that the ear-
liest technology resembling a modern microparticle system was
described as a binder system [107], and that a similar emphasis
might again predominate in the future.

Lab test development: Every long-term papermaker will have
heard the phrase “you can’t observe these benefits in lab tests;
you have to run it on the machine to see the benefits” Indeed,
conventional freeness tests, etc. sometimes fail to show the ben-
efits of a microparticle program [96]. Due to a lack of water
recirculation in some common lab methods it may be necessary
to add 4 to 5 times the usual dosage of some additives [85].To
help minimize the lost production and expense of mill trials,
there is a need for dynamic tests that better emulate the condi-
tions of shear, pulsating flows, and vacuum application that are
inherent in paper forming processes [10]. Much progress
already has been achieved [162,196-197]. However, evaluation
of microparticle programs, especially at the mill, could benefit
from further advances in lab testing. TJ

Hubbe is Associate Professor at North Carolina State University,
Raleigh. He may be reached via email at hubbe@ncsu.edu.
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